Magnetic properties have been measured as a function of temperature from 2 K to room temperature for twentyone samples of subaerial basalts of different origin and age, using an MPMS instrument. In all samples but four, titanomagnetite with a titanium content of less than 5 per cent has been determined as a dominant magnetic mineral carrying NRM from χ(T ) measurements above room temperature and Verwey transition observations. However, the new low-temperature experiments yielded evidence of the presence of another magnetic mineral in all samples. This mineral accounts for up to 70 per cent of saturation magnetization at 2 K and acquires a relatively strong but thermally unstable SIRM at this temperature. Comparison of susceptibility vs. temperature curves measured in low and high DC biasing fields reveals evidence of superparamagnetic behavior, peaks marking the effective blocking temperatures being shifted from <2 K to about 16 K by a 4.8 T DC magnetic field. At the same time, the presence of peaks in the high-field susceptibility curves indicate that the corresponding magnetic phase does not reach saturation, even in the highest field available to us. A possible candidate to account for these properties is a hemoilmenite with 8-10 mole per cent of hematite, originating from high-temperature deuteric oxidation. This is in accordance with the prevailing occurrence of exsolution lamellae within titanomagnetite grains observed in scanning electron microscopy (SEM) images.
Introduction
Volcanic rocks are commonly regarded as the most reliable recorders of the paleomagnetic field. Of them, the most suitable for paleomagnetism are the rocks in which the initial Ti-rich titanomagnetite has undergone high-temperature deuteric oxidation, forming submicron-sized magnetite-rich grains embedded in a predominantly ilmenite-rich matrix (Buddington and Lindsley, 1964; Haggerty, 1976) . Small single-domain (SD) or pseudo-single-domain (PSD) magnetite grains are then capable of preserving their magnetization over tens and hundreds of millions of years (Banerjee, 1991; Dunlop andÖzdemir, 1997) . The formation of magnetite through the process of deuteric oxidation also ensures that the primary natural remanent magnetization (NRM) of a rock is a thermoremanent magnetization (TRM). The latter condition is the pre-requisite for attempting to determine absolute paleointensity by the Thellier or similar methods (Thellier and Thellier, 1959) .
Among other techniques, low-temperature measurements have been widely used to investigate the magnetic mineralogy of volcanic rocks. However, in most cases measurements have been carried out only above 77 K (Nagata et al., 1964; Merrill, 1970; Radhakrishnamurty et al., 1981; Senanayake and McElhinny, 1981, 1982; Hodych, 1982 Hodych, , 1990 Hodych, , 1991 Sherwood, 1988; Thomas, 1993) , effectively limiting the studies to characterizing only the magnetite * Present address: Earth and Planetary Science Department, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro, Tokyo 152-8551, Japan.
Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. and/or titanomagnetites present. Very little has been reported so far on the magnetic properties of volcanic and, in particular, of the basaltic rocks below 77 K (Moskowitz et al., 1998; Shau et al., 2000) . Nevertheless, even these limited data show a potential of low-temperature magnetometry in characterizing the magnetic mineralogy of basalts. The present work has been therefore aimed at further investigating the magnetic properties of basalts in the 2-300 K temperature range, with emphasis on the behavior at very low temperatures.
Samples
Twenty-one samples of basaltic rocks of different origin and age have been selected for the present study. These include hotspot volcanics from Réunion Island and Tahiti, and plateau basalts from Greenland, Paraná and Karoo igneous provinces (Table 1) . Sister specimens of these samples were previously used, with variable success, for Thellier paleointensity studies (Chauvin et al., 1990 (Chauvin et al., , 1991 Kosterov et al., 1997 Kosterov and Prévot, 1998; Riisager and Abrahamsen, 2000) . Hysteresis loop parameters at room temperature measured previously (Table 1) suggest the dominantly PSD state for all samples, as commonly observed in many basaltic rocks.
Magnetic mineralogy of the samples was first investigated using conventional high-temperature techniques. Curie points were determined from the study of temperature-dependences of low-field susceptibility. Susceptibility vs. temperature curves were measured in vacuum using a Bartington MS 2 instrument connected with a furnace (Université Montpellier II). Most of the susceptibility vs. temperature curves are more or less reversible ( Fig. 1(a) ) but some show peaks at moderate temperatures that do not appear in the cooling curves ( Fig. 1(b) ). In this particular case, this feature was interpreted as resulting from an irreversible change in the domain structure of ferrimagnetic grains, rather than from chemical alteration, for the reason that no irreversible changes in saturation magnetization occurred within this temperature range (Kosterov and Prévot, 1998) . Curie temperatures were determined from heating curves only; however only the features replicated in the cooling curves were taken for the determination. A natural sample might be expected to show a range of Curie temperatures rather than a single Curie point. Therefore, an effective Curie temperature has been determined as the temperature at which the rate of decrease in susceptibility was maximal. In some cases, however, two closely spaced maxima yielded better fit to the data and therefore two Curie temperatures close to each other are quoted for these samples. Thirteen samples out of the twenty-one yielded a single Curie point ranging from 470 to 580
• C. It is worth noting, however, that the quoted Curie temperatures are the mean values in the sense described above, and some samples show a considerable spread of actual Curie temperatures around the mean (see, e.g., Fig. 1(a) ). Seven samples have two, or possibly three, Curie points, the highest one always above 500
• C. Sample 410866 of Greenland basalt is somewhat peculiar, since, having the Curie point of 570
• C, i.e. very close to that of pure magnetite, it shows no trace of the Verwey transition at low temperature. It is therefore likely that this magnetite phase is not primary but produced by heating.
Representative samples have been investigated with scanning electron microscopy (SEM) using an EPMA JEOL instrument at the Geological Survey of Japan, Tsukuba. The dominant opaque phase appears to be titanomagnetite (TM); primary ilmenite was observed only occasionally. The size and shape of the original titanomagnetite grains varied considerably between samples (Fig. 2 ). Some samples, e.g. 92M244 and 92M333, showed large anhedral or euhedral grains up to 100-200 µm in size; others, such as 92M086 and 92M021, showed mostly skeletal, dendritic, or irregular shaped grains generally <20 µm in size. In the case of the Lesotho samples, the characteristic shape of titanomagnetite grains is clearly determined by the position of the sample in a lava flow, larger and more regularly shaped grains occurring in the samples drilled from the central parts of the respective lavas (Kosterov and Prévot, 1998) . In the sample 410732 from Greenland grains are mostly skeletal shaped, but their size can reach several tens of microns ( Fig. 2(c) ). In the Lesotho and Greenland samples, TM grains show mostly trellis-type exsolutions (Buddington and Lindsley, 1964) , suggesting the oxidation stage C3 or in some cases possibly C4, according to the classification of Haggerty (1976) . Sample 91M148 from Paraná shows rather irregularly shaped grains 20-30 µm in size with sandwich-type exsolutions ( Fig. 2(d) ). In the samples from Tahiti and Réunion, mostly anhedral grains several tens of microns in size and smaller irregular shaped grains are observed; exsolutions, if any, are dominantly of the sandwich type (Figs. 2(e), (f)).
Low-Temperature Magnetic Measurements
First, thermal decay of saturation isothermal remanent magnetization (SIRM) acquired at 15 K in a 2.5 T magnetic field was measured to detect the presence or absence of the Verwey transition. These measurements were made with a Magnetic Properties Measurement System (MPMS) at the Institute for Rock Magnetism, Minneapolis, U.S.A. Further low-temperature measurements were carried out with an MPMS XL instrument at the Geological Survey of Japan, Tsukuba. Temperature curves of the AC complex susceptibility χ = χ − iχ from 2 K to room temperature were measured twice, first at zero and then in a 4.8 T magnetic field. In the latter experiment, the high-field magnetization has been monitored alongside the susceptibility. The AC driving field of 10 Hz frequency and 100 µT amplitude was used. For a few selected samples, thermal decay of SIRM acquired at 2 K in a 5 T field was remeasured in the same temperature range and hysteresis loops traced at several different temperatures between 5 and 90 K.
The Verwey Transition
The Verwey transition temperatures, determined from peaks in the derivatives of SIRM(T) and χ (T ) curves, are listed in Table 1 . Seventeen out of the twenty-one samples have the well-defined Verwey transition (Fig. 3) , transition temperatures generally tending to decrease with decreasing Curie temperatures. Here, it is worth noting that the transition temperatures determined from the susceptibility curves are in most cases lower by a few degrees than those determined from the SIRM(T) curves. Stoichiometric titanomagnetites richer in titanium than TM04 do not show the Verwey transition (Koz lowski et al., 1996b) , while the Curie point of titanomagnetites of this composition is about 545
• C (e.g. O'Reilly, 1984) . On the other hand, some of the samples used in the present study display the Verwey transition while having Curie points below 540
• C. Two possibilities can be invoked to explain this. First, it is quite likely that titanomagnetites in these samples occur in a continuous range of compositions starting from nearly pure magnetite. Second, other minor impurities, most notably Mg and Al, tend to lower the Curie point, while their effect on the Verwey temperature is much smaller than that of Ti (Koz lowski et al., 1996a; Brabers et al., 1998) . Most probably, both mechanisms play a role in the behavior of the samples used in the present study. A Curie point measurement would then average the contributions from the whole range of compositions present, while the Verwey temperature would only reflect an average composition of the material close to pure magnetite.
Only four samples do not display the Verwey transition. For sample R1D24, the highest Curie temperature is 505
• C, suggesting a magnetic mineral with a composition of about TM10 that does not show the transition (Koz lowski et al., 1996b) . Sample 410866 has a paramagnet-like χ(T ) curve with only minor magnetite phase having the Curie point of 570
• C. Considering the absence of the Verwey transition in either SIRM(T) or χ (T ) curves, it seems likely that this magnetite was produced during heating. Two samples from the Réunion Island, RB127 and RB145, show different behavior (Fig. 4) . They do not display a signature of the Verwey transition in the SIRM(T) curves except perhaps for a small feature in the RB145, which might be interpreted as a transition with T v about 110 K. On the other hand, these two samples show maxima in the susceptibility vs. temperature curves just near that temperature. Differentiation of these curves yields apparent transition temperatures of 92 and 94 K respectively (values in parentheses in Table 1 ). However, absence of the corresponding strong loss of SIRM in the same temperature interval excludes the interpretation of these maxima as evidence for the Verwey transition. Titanomagnetite in the two samples from Réunion probably has a composition of about TM10-15. TM10 is known to show the isotropic point slightly below 100 K (Syono, 1965) . Based on this result, Clark and Schmidt (1982) have theoretically predicted that multidomain TM10 should exhibit a peak in susceptibility around this temperature. Moskowitz et al. (1998) has reported SIRM(T) and χ (T ) curves for a suite of synthetic single crystal titanomagnetites in the composition range from TM0 to TM60. The sample with the nominal composition of TM05 showed a maximum in the χ (T ) curve at 85 K, while its SIRM decreased rather gradually between 20 and 80 K. Sample TM19, on the other hand, showed a rapid loss of SIRM be- tween 30 and 50 K; its susceptibility increased rapidly below ca. 100 K and at a much slower rate above this temperature. The χ (T ) curves measured for RB127 and RB145 might be therefore viewed as intermediate between the TM05 and TM19 curves of Moskowitz et al. (1998) , while the much smaller decrease of SIRM with temperature is may be due to a rather small size of titanomagnetite grains in these samples.
In stoichiometric magnetite out-of-phase (quadrature) susceptibility χ also shows a singularity at the Verwey transition (Šimša et al., 1985; Skumryev et al., 1999) . In these two studies, mm-size single crystals were used. To the best of the author's knowledge, temperature variation of χ has not been reported previously neither for synthetic finegrained magnetite nor for natural magnetite-bearing samples. Examples of the temperature curves of the phase angle φ which is related to χ through the equation φ = tan −1 (χ /χ ), are given in Fig. 5 . Surprisingly, the behavior of all the samples studied near the Verwey transition is very similar. Independent of the 'bulk' transition temperature, all samples, without exception, show the same two jumps in the phase angle: a larger one, on the order of 0.1
• , at 122 K, (Aragón et al., 1985; Aragón, 1992) is in apparent contradiction with the Verwey transition temperatures determined from SIRM(T) and χ (T ) curves and with the Curie temperatures. Moreover, the 122-K jump is observed even in the samples that do not show the 'bulk' Verwey transition (R1D24, RB127, RB145, and 410866). This suggests that a small amount of essentially stoichiometric magnetite is present in all studied samples, even though it cannot be detected by other magnetic measurements.
Magnetic Properties at Very Low Temperatures
At very low temperatures (thereafter this term is used to designate, somewhat loosely, the temperature interval below 30 K) low-field susceptibility of studied samples is characterized by a rapid decrease (Figs. 3(b) and 4(b) ). The loss of susceptibility is typically about 40 per cent of the 2-K value, but can be as large as 75 per cent (e.g. sample 92M199). On the other hand, the high-field susceptibility curves, measured in a 4.8 T steady field, show a peak near 16 K (Fig. 6(a) ). This behavior was found, with very little variance, for all studied samples. It can be interpreted as a shift of blocking temperatures towards higher values by a strong steady field (Néel, 1949 (Néel, , 1955 . This is further illustrated by the susceptibility curves measured in intermediate steady fields (Fig. 6(b) ). A 500 mT field is too weak to shift the susceptibility peak to the range accessible with an MPMS instrument, although the change in the shape of the curve suggests that a peak occurs at a higher temperature than in the zero field. A 2.5 T field shifts the peak in the susceptibility curve further, to 7-8 K. This particular shape of the susceptibility vs. temperature curves means that, at low temperature, samples cannot be saturated even in the highest To the determination of the Curie temperature of the low-temperature phase. The Curie point was defined as an intersection of the linear fit of the strong decrease of magnetization at low temperatures (shown by triangles) with the baseline representing a signal from the titanomagnetite phase. fields produced by the MPMS instrument. It seems impossible that magnetite (or titanomagnetite) alone can account for this behavior, since this would require an unrealistically large amount of extremely fine, less than 5 nm in size, grains. While the presence of superparamagnetic (titano)magnetite grains has been documented in some volcanic rocks, most notably in the Yucca Mountain Tuff (Worm and Jackson, 1999), it is not so common in lavas. A working hypothesis would be then that another magnetic phase is present, designated below for brevity as the lowtemperature phase. The determination of the Curie temperature of this phase is not so straightforward as for the titanomagnetite phase. The temperature, at which a peak occurs in the high-field (4.8 T) susceptibility curves, is obviously its lower limit. However, since the low-temperature phase is still not saturated in this field, its true Curie point has to be somewhat higher. A more precise method is to subtract the induced moment (χ · H , where H = 4.8 T is the applied steady field) from the total measured moment, and to determine the Curie point from the resulting temperature dependence of a strong-field magnetization, as illustrated in Fig. 7 . However, a sample is not truly saturated below the transition temperature, and its measured susceptibility includes a contribution from the low-temperature phase itself. A strongfield magnetization obtained as described above therefore underestimates the true M s value. Even though, this method apparently gives a reasonable estimate for the transition temperature, which typically ranges from 21 to 29 K. Two notable exceptions are sample 410732 from Greenland (Fig. 7) and sample 92M199 from Lesotho, whose transition temperatures are 33 and 40 K, respectively. It is also worth noting that at 2 K the low-temperature phase may account for up to 75 per cent of the total magnetization.
Hysteresis properties of the low-temperature phase are also very peculiar. Since hysteresis measurements with an MPMS instrument are extremely time-consuming (several hours for one loop), hysteresis (in a 3 T maximum field) at different temperatures from 5 to 90 K was only measured for a few selected samples. An example of hysteresis loops is given in Fig. 8 . Below the Curie point of the lowtemperature phase (33 K), the magnetization shows only a weak tendency to saturation. At the same time, in small fields this phase apparently does not acquire any significant remanence, as illustrated in Fig. 8(b) . However, in measured hysteresis loops, properties of the low-temperature phase are masked by the contribution from the titanomagnetite phase. I therefore attempted to 'extract' the loop characterizing the low-temperature phase alone by subtracting the loop measured at 35 K from the loop measured at 5 K. Assuming that the hysteresis properties of the titanomagnetite phase do not change much in this temperature interval, we can consider the resulting difference loop (Fig. 9) as an approximate estimate of hysteresis in the low-temperature phase. Already at 5 K it reveals largely superparamagnetic behavior, with perhaps very small hysteresis. The properties of remanent magnetization of the low-tem- Fig. 10 . Thermal demagnetization of SIRM given at 2 K. Low-temperature phase apparently acquires some remanence at this temperature, but it largely disappears by 5 K.
perature phase was investigated further by means of the decay on zero-field warming of SIRM (5 T) given at 2 K. Typical SIRM(T) curves are shown in Fig. 10 . Considerable remanence can be apparently acquired by the low-temperature phase at 2 K, but it is extremely unstable and has largely disappeared at 5 K, the lowest temperature at which hysteresis measurements have been performed. The behavior of plateau basalts and 'hotspot' rocks seems to be somewhat different, the low-temperature phase of the latter acquiring a relatively less-intense remanence at 2 K.
Discussion
Taken together, the observed magnetic properties at very low temperatures allow to constrain a range of possible mineral phases that may be responsible for this behavior. The non-zero remanence, presence of hysteresis, and the dependence of the peak in the susceptibility curves on the applied steady bias field all suggest that below the transition temperature the hypothetical low-temperature phase is a ferromagnet rather than an antiferromagnet. This effectively rules out iron-bearing silicates as an explanation for the above properties. Indeed, although below about 70 K iron-rich olivines and pyroxenes show peaks in susceptibility vs. temperature curves (Santoro et al., 1966; Sawaoka et al., 1968) which are the signature of an antiferromagnetic ordering, the dilution of iron by magnetically inactive cations such as Mg 2+ strongly decreases the respective Néel temperatures and eventually suppresses the antiferromagnetic transition (Hoye and O'Reilly, 1972) . Moskowitz et al. (1998) have reported a peak at about 50 K in the susceptibility vs. temperature curve of a sample of basalt from an Hawaiian deep drill hole. This peak was attributed to ilmenite which had been observed as a separate oxide phase in a thin section from nearby samples. The magnetic properties of ilmenite have also been extensively studied within the context of lunar mineralogy (Senftle et al., 1975; Thorpe et al., 1977) and kimberlite/diamond exploration (Brodskaya and Zaytseva, 1976; Lethuillier and Massal, 1980; Yakubovskaya and Ilupin, 1982; Yakubovskaya and Fradkov, 1986; Potapov et al., 1994) . Néel temperatures have been reported in the 40-60 K range, the lower values being characteristic of the terrestrial samples where a small amount of hematite is always present (Thorpe et al., 1977; Yakubovskaya and Fradkov, 1986) . Below Néel temperature ilmenite and hemoilmenites with up to 6.6 mole per cent of hematite (Thorpe et al., 1977) become antiferromagnetic and carry no remanence. This is clearly different from the behavior found in the present study. Also, in our basalts a separate ilmenite phase was not seen in the microscopic observations. It may be therefore concluded that ilmenite does not make a significant contribution to the observed low-temperature magnetic properties.
Another candidate to account for the above properties is a hemoilmenite phase, produced in the high-temperature deuteric oxidation (Buddington and Lindsley, 1964; Haggerty, 1976) . Exsolved titanomagnetite grains with hemoilmenite lamellae are abundant in most of our samples. The magnetic properties of hemoilmenites have been investigated previously using the synthetic samples (Bozorth et al., 1957; Ishikawa and Akimoto, 1957; Ishikawa, 1962) . Samples in the composition range x ≤ 0.21 in the formula xFe 2 O 3 ·(1− x)FeTiO 3 show peaks in the high-field (2 T) magnetization curves which shift towards lower temperatures with increasing hematite content. At the same time, the magnetization in a 2 T field, measured at 2 K, increases and reaches about 100 Am 2 /kg for the sample with 21 per cent of hematite (Ishikawa, 1962) . However, for more hematite-rich compositions, with x = 0.17 and 0.21, hysteresis is still observed at least up to 80 and 250 K respectively. The x = 0.08 and 0.12 compositions show hysteresis up to about 30 K. Above this temperature, magnetization curves only show inflections around zero field, characteristic of superparamagnetism. Remanent magnetization of these samples is relatively small, particularly for the x = 0.08 sample, and thermally unstable. Ishikawa (1962) suggested a model of the magnetic structure of ilmenite-rich hemoilmenites, where small ferromagnetically ordered clusters are embedded in an antiferromagnetic matrix. These clusters effectively behave as an assemblage of fine magnetic particles, becoming superparamagnetic above the blocking temperature.
However, a substantial discrepancy exists between the observations in the present work and the properties of hemoilmenites known from the previous studies. Curie points of the low-temperature phase in our basalts are typically in the 20-30 K range. Accordingly, superparamagnetic behavior is only observed below this temperature, and the magnetic hysteresis above about 30 K is entirely due to the titanomagnetite phase. Peaks in the high-field magnetization of our samples, if any, occur at 5-6 K at most. In part, this difference may be due to the fact that the previous studies have used synthetic samples. While representing the single phases of a particular composition, these samples had been quenched from a high temperature during synthesis. In nature, deuteric oxidation proceeds over much longer timescales, which may result in a more homogeneous crystalline structure. Apparently, hemoilmenites in our basalts have the hematite content which is sufficient to superpose a ferrimagnetic order over the basic antiferromagnetic order of ilmenite. A more homogeneous distribution of Fe 3+ cations than in the synthetic samples naturally results in a weaker exchange and, hence, in lower Curie temperatures.
The co-existence of a hemoilmenite phase with low-Ti titanomagnetites (carrying NRM) indicates a close genetic relationship between the two phases. This is supported by the results of the oxidation experiments of Tucker and O'Reilly (1980) . In this study, a single crystal of nominal TM60 composition was subjected to oxidation at 1275
• C and at progressively increasing, up to 10 −3 , partial oxygen pressures. The most extreme degrees of oxidation (parameter z > 0.8) resulted in a small (1-7% by volume) amount of near-magnetite phase forming within the matrix of coexisting hemoilmenite and pseudobrookite. This somewhat resembles our samples where titanomagnetite contributes only about 30 per cent of the total magnetization at 2 K, indicating that, at most, it accounts for about 10 per cent of the magnetic material.
Conclusion
For a collection of basalts of different origin and age, magnetic measurements at low temperatures have revealed that, besides a phase carrying remanent magnetization at room temperature, another magnetic phase with Curie temperatures in the 20-30 K range, is present in all samples without exception. Below its Curie temperature this phase is extremely magnetically hard, not reaching saturation even in the 5 T field. On the other hand, it acquires a relatively strong remanence only at very low temperatures, on the order of 2 K. SIRM carried by this phase is largely demagnetized at 10 K, indicating superparamagnetic behavior. Further evidence for superparamagnetism is the observed gradual shift of blocking temperatures towards higher values by a strong steady field.
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